Electron microscopic research into the murosomes of staphylococci has shown that the number of murosomes involved in penicillin-induced death varies depending on the experimental conditions employed. With 0.1 ,ug of penicillin G per ml, only 1 of a total of about 20 murosomes, the "killing murosome," completely perforated the pressure-stabilized peripheral cell wall during a three-step process. This strictly localized event was mainly attributed to a mechanical effect being comparable to the process of aneurysm formation. Wall perforation was also considered to mark the very moment of penicillin-induced death ("nonlytic killing event"), while bacteriolysis started only postmortem. By varying the osmolarity of the growth medium, the number of murosomes involved in penicillin-induced killing increased considerably, which resulted in the ejection of a fan-shaped row of murosomes at the second division plane. These data are compatible with the finding that, in untreated or chloramphenicol-treated staphylococci, the activation of the murosomes resulted in (i) the formation of regularly arranged "blebs" on the cell surface, containing traces of disintegrated wall material, and (ii) the subsequent liberation of the murosomes lying underneath, leaving behind their former sites in the 0.3. The second cultures were transferred to flasks containing the appropriate amounts of NaCl (0.5 or 3.0% [wt/vol] final concentration). Immediately after the sodium chloride was dissolved, penicillin G (potassium salt; Sigma) was added to a final concentration of 0.1 ,ug/ml.
peripheral wall as a row of regularly arranged "pores" in every division plane. The number, distribution, and positioning of these blebs corresponded with those of the pores and the original murosomes. The significance of wall autolysins liberated from the first division plane for penicillin-induced wall perforation at the second division plane is discussed.
The essential components of the mechanism of penicillininduced death of staphylococci have been elucidated in previous reports (6, 15) . After the reaction of the ,-lactam antibiotic with the penicillin-binding proteins (2, 20) , it is not the traditional alteration in the activity of wall autolysins or in cell wall synthesis (22, 24) which initiates penicillininduced death (19) but rather a special morphogenetic error incorporated into the cell wall during cross-wall formation. This killing process involves novel extraplasmatic wall organelles, the murosomes, which in untreated staphylococci regularly punch minute "pores" into the peripheral cell wall above the completed cross wall, thereby initiating cell separation. In the presence of penicillin, however, this separation process is no longer preceded by the assembly of sufficient cross-wall material in the second division plane so that, at the onset of the pore-punching process at this now "unprotected" site of the peripheral wall, the integrity of the wall is destroyed and the cell dies (6, 15) . Another strictly localized lytic wall process was recently reported to be the very reason for penicillin-induced death in Escherichia coli (12) .
Murosomes of staphylococci are not only detected in the peripheral wall above the nascent cross walls but also, although in rare cases, in the peripheral wall between two consecutive division planes. This finding led to the speculation that murosomes might be transported in some way from one division plane to the site of the next cross-wall initiation (6) . Furthermore, since only a single murosome-induced wall perforation could be observed in the second division plane in the presence of penicillin, it seemed that only one murosome was involved in the killing process in staphylococci (6, 15) .
Since we consider a detailed knowledge of the mechanism * Corresponding author.
of penicillin-induced death to be an important prerequisite for further improving ,B-lactam antibiotic therapy, we analyzed in more detail the sequence of events taking place in the presence of penicillin, especially at the very moment when murosome-induced perforation of the peripheral cell wall initiated the killing of staphylococci. The new data presented here has led to a better mechanistic view of the sequence of events leading to penicillin-induced death.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Staphylococcus aureus strains SG 511 Berlin and SG 511 Pelzer (from the culture collection of the Robert Koch-Institute, Berlin) were employed. The basal growth medium was peptone water containing 2.5% (wt/vol) Bacto Peptone (Difco) and 0.5% (wt/vol) NaCl, pH 7.2. In parallel experiments, this basal medium was altered by increasing the NaCl concentration to 3.0% (wt/vol). Cells grown for 16 h in peptone water at 37°C were diluted 1:15 into fresh medium. Following growth for 2 h at 37°C in a rotary shaker (first exponential-phase culture), an aliquot of culture was diluted into fresh medium as before and grown for an additional 2.5 h (second exponential-phase culture). The cell densities of both cultures were adjusted with fresh medium to an optical density at 578 nm of 0.2 to bacteria were treated for 4 h with 1 to 1,000 ,ug of egg white lysozyme per ml (Serva, Heidelberg, Germany), dissolved in 0.1 M sodium acetate buffer (pH 5) in order to induce a reactivation of autolytic wall enzymes (28) .
Preparation of samples for transmission and scanning electron microscopy. Staphylococci were fixed overnight at 4°C with 2.5% (wt/vol) glutaraldehyde (Serva) in 0.1 M cacodylate buffer, pH 7.2. After being washed with cacodylate buffer, the cells were postfixed for 1 h at room temperature with 1.5% (wt/vol) osmium tetroxide (Serva) and 1.65% (wt/vol) potassium bichromate in 0.1 M cacodylate buffer.
The fixed samples were washed again and poststained for another hour with 0.5% (wt/vol) uranyl acetate. The fixed and stained bacteria were dispersed in 2% (wt/vol) agar (Noble agar; Difco). Small blocks of agar were dehydrated in ethanol and finally embedded in LR White plastic resin (Science Services, Munich, Germany). Thin sections were cut with a Reichert OM U3 ultramicrotome and viewed with an Elmiskop I (Siemens) or a Philips 400 electron microscope.
For freeze-etching, unfixed bacteria were quickly frozen without cryoprotectants in propane which was supercooled by liquid nitrogen. In order to get more freeze sections than freeze fractures, we dehydrated, in some cases (see Fig. 1B ), unfixed staphylococci by a brief exposure to 3 M sucrose just before they were frozen (9) . Replicas were prepared in a Balzers BA 300 freeze-etching device with a turbomolecular pump and electron beam evaporator. Replicas were cleaned in 40% (wt/vol) chromic acid.
For scanning electron microscopy, a drop of the staphylococcal culture containing 0.5 or 3.0% (wt/vol) NaCl was put on a glass slide which had been pretreated with poly-Llysine (Sero-Med, Berlin, Germany) to ensure a firm adherence of the bacteria and the released murosomes. The cells were allowed to sediment for 20 min and were then fixed overnight at 4°C with 2.5% (wt/vol) glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2. Samples were washed, dehydrated successively in ethanol and acetone, dried at the critical point (model CPD 030; Balzers, Balzers, Liechtenstein), and sputtered with an 18-nm gold layer (SEM coating unit E 5100; Polaron Equipment Ltd., Watford, United Kingdom). Examinations were carried out with a Hitachi H 5010 electron microscope equipped with a scanning device.
RESULTS
In untreated staphylococci, cell separation of daughter cells was indicated after cross-wall completion by the appearance of spherical structures or pores in the peripheral cell wall directly adjacent to the splitting system of the cross wall (7) ( Fig. 1A) . They were especially distinct in the relatively thick cross walls of staphylococci in their stationary phase of growth. We have named these structures murosomes and have described them in detail in previous reports (3, 6) . In thin sections, murosomes could never be observed unless the cross wall was completed. However, after application of our special freeze-etching procedure (9), we were able to show in longitudinal fractures through the nascent cross wall that such structures already existed at the beginning of cross-wall formation; they were disk shaped and regularly arranged in a row (Fig. 1B) .
Murosomes or pores appeared very rapidly at the onset of cell separation. In order to retard this process, we first deactivated the autolytic wall system of staphylococci by chloramphenicol treatment (10, 25) and slowly reactivated it afterwards by the addition of a cationic protein (lysozyme at pH 5) which is known to act in staphylococci mainly as an activator of autolytic wall enzymes rather than as a wall-lytic enzyme (28, 31) . By this procedure, the row of pores in the peripheral cell wall could be better demonstrated (Fig. 1C) ; it was comparable to the row of murosomes in the peripheral cell wall of untreated staphylococci ( Fig. 1B ). However, after chloramphenicol treatment, these pores often proved to be arranged in a zigzag line or sometimes even in two distinct parallel rows (Fig. 1C) . Apparently, the process of pore formation started with the development of regularly arranged "blebs" on the cell surface of the next division plane ( Fig. 2A ), the number of blebs corresponding to the number of pores in untreated or chloramphenicol-treated staphylococci. The result of such an activation process was the release of the murosomes, 30 to 40 nm in diameter ( Fig. 2B) , leaving behind the characteristic spherical pores in the extremely thick peripheral cell wall. Such pores still resembled the murosomes in shape but exhibited distinctly larger diameters, 50 to 60 nm. A prolonged treatment with lysozyme at pH 5 resulted in an overall disintegration of the peripheral wall.
As already described in a previous report (6) , the formation of the first cross wall after the addition of penicillin took place in a manner similar to what is seen with untreated or chloramphenicol-treated staphylococci. However, most of the cells were no longer able to assemble the splitting system, and often only an incomplete and deformed cross wall consisting of rather "loose" wall material was built up in the first division plane (Fig. 3A) . Nevertheless, such staphylococci started cell separation normally, i.e., via the formation of lytic murosomal sites in their peripheral cell walls, despite the fact that their cross walls were incomplete. Longitudinal sections through the cross wall revealed about as many lytic sites ( Fig. 3B ) as there were pores on the surface of untreated or chloramphenicol-treated staphylococci.
In the second division plane, cross-wall formation was again initiated by the deposition of murosomes, but the assembly of the newly formed cross-wall material continued mainly in the first division plane (6) . Consequently, in the second division plane, only a rather thin basal cross-wall layer was formed beneath the murosome (Fig. 4A ) or not even traces of cross-wall material could be detected here but only "naked" murosomes ( Fig. 4B ). Even then, murosome- induced cell separation started normally in the second division plane and, because of the lack of sufficient protective cross-wall material, this separation resulted in the perforation of the peripheral cell wall (Fig. SA) . Near the site of wall perforation, a characteristic ribosome-free transparent zone in the cytoplasm could often be observed. Highresolution pictures of the site of wall perforation revealed that part of the cytoplasm, still covered with the cytoplasmic membrane, was often bulged out like an aneurysm (Fig.  SB) . Furthermore, at the perforation site, characteristic Y-shaped broken edges of the peripheral cell wall could be demonstrated. Very important is the observation that in those cases in which several murosomes were found in this area, only one of them perforated the cell wall completely, causing the release of cytoplasmic constituents, while the adjacent murosomes (Mu in Fig. SB) , although activated as well, perforated only some outer layers, leaving the wall layers lying underneath apparently intact and resistant to the internal pressure. Consequently, we have never observed the release of cytoplasmic components from such adjacent murosomal sites. In some cases, adjacent murosomes even remained trapped within a slit in the wall (Fig. SB) that resembled two of those Y-shaped parts of the cell wall, still connected with each other. Moreover, such trapped murosomes revealed that their membranes could not be distinguished from the cytoplasmic membrane.
Our earlier findings that, in penicillin-treated staphylococci, murosomal sites in the peripheral wall appeared not only at the nascent cross walls of the first and second division planes but also anywhere in between (6) prompted us to analyze a large number of thin sections of penicillintreated cells. In this way, it was possible to demonstrate that there were about the same number of murosomal sites in the second ( Fig. 6 ) and in the first division plane (Fig. 3B ). This, however, seemed to contradict our finding that there existed only one single killing site in the second division plane of penicillin-treated staphylococci. Consequently, we had to consider two possibilities: (i) the single killing site merely marked the location of the most active of all peripheral murosomes, or (ii) we had simply been unable to detect the other extrusions.
To clear up this question, we cultivated the staphylococci in the presence of penicillin plus 3% (wt/vol) sodium chloride, which established an external osmotic pressure almost equalling the pressure inside the staphylococcal cells (17) . After replacement of this high-pressure growth medium with a normal medium, sufficient fixation fluid was added to preserve the induced effect. In this way, we were able to show by scanning electron microscopy that a varying number of murosomes was ejected simultaneously from the surface of a staphylococcus. Three types of cells were observed ( Fig. 7A ): (i) staphylococci from which a row of several murosomes was ejected (Fig. 7A , upper cell), (ii) staphylococci from which only a few murosomes were ejected (Fig. 7A , left and right cells), and (iii) staphylococci from which no murosomes at all were ejected (Fig. 7A, lower  cell) . In a penicillin-treated population, there were found only a few cells of group i and a significant number of cells of group ii, while the majority of cells belonged to group iii. However, we cannot exclude the possibility that we were losing some of the ejected murosomes during the preparation.
In some cells, a fan-shaped row of several murosomes was ejected in the second division plane of one daughter cell (Fig.  7B ), while the second daughter cell exhibited only one single ejection site. Finally, it should be noted that the number of ejections seen by scanning electron microscopy (Fig. 7B , left daughter cell) corresponded to the number of lytic murosomal sites found in the second division plane in thin sections ( Fig. 6 ) and also to the number of blebs revealed by freeze fracture analysis ( Fig. 2A) . Murosome ejection was sometimes followed by the release of part of the cytoplasm (Fig.  7B , left daughter cell), while some other cells seemed to eject only murosomes (Fig. 7A, upper cell) .
DISCUSSION
The data presented here confirm the existence of minute staphylococcal wall organelles, the murosomes (3, 6) , which in untreated cells function to initiate cell separation, and also confirm that they are involved in the killing process induced by lytic concentrations of penicillin G (0.1 pLg/ml). While most of the murosomes were surrounded by wall material (Fig. 4A and SB; cf. Fig. 1A, 1B, and 2B ), there were others that appeared in the absence of cross-wall material in the second division plane as naked murosomes lying between the cytoplasmic membrane and the peripheral cell wall at the presumptive site of the cross wall (Fig. 4B) . These naked murosomes point to the possibility that murosome formation precedes cross-wall formation. Such a conclusion would be in line with the evidence that murosomes, although disk shaped at that time, were already detected at the very beginning of cross-wall formation in untreated staphylococci (Fig. 1B) .
Confirming previous studies (6), the lethal event after the addition of lytic concentrations of penicillin (0.1 ,ug/ml) to staphylococcal cultures was shown to result from a 3-lactam-mediated morphogenetic mistake; this occurred at the onset of cell separation in the second division plane, because the formation of murosome-derived pores in the peripheral wall was no longer preceded by the underlaying of sufficient "protective" cross-wall material (Fig. 4 ). Consequently, unprotected pores appeared in this plane and, during extrusion of the "killing murosome" (Fig. 5) , the integrity of the wall, functioning as a pressure-stabilized exoskeleton (11, 21, 30) , was destroyed. Consequently, the cell lost part of its cytoplasm (Fig. 5A and 7B ), the internal pressure dropped suddenly, and the cell eventually died. The penicillin-induced death must, therefore, mainly be attributed to a strictly localized mechanical effect resembling the wellknown process of aneurysm formation (Fig. SB) . Which of the approximately 20 murosomes finally turns out to be the killing murosome probably depends on the actual amount of cross-wall material deposited beneath each individual murosome in the second division plane. Assuming this is the case, it is considerably more likely that a naked murosome (Fig.  4B and SA) functions as the killing murosome than that a murosome under which at least some cross-wall material was deposited does so (Fig. 4A) .
During the rapid wall perforation process, part of the cytoplasm was ejected along with the murosome (Fig. 7B) , resulting also in a certain loss of ribosomes, especially from cytoplasmic areas close to the perforation site (Fig. SA) . In an earlier study (13) , we had presented evidence that at the onset of the killing process, as deduced from a sudden drop in the number of viable cells, the release of radiolabelled RNA is rapidly enhanced. The bulk of this released RNA proved to be of high molecular weight and was precipitable by trichloroacetic acid (5) . These data are compatible with earlier reports of a considerable loss of RNA during penicil-VOL. 174, 1992 on January 16, 2020 by guest http://jb.asm.org/ Downloaded from lin treatment (16, 18) , which could also be documented in thin sections of Proteus mirabilis (14) and S. aureus (5) .
To elucidate the mechanism of ,-lactam action, it appeared necessary to study also the murosome-induced pore formation process in the cell walls of chloramphenicoltreated staphylococci. Under the experimental conditions employed, pore formation introducing the separation of such cells proved to be a two-step process. It started with the local liberation of minute amounts of peripheral wall material from the surface of the murosomes, giving rise to the formation of about 20 regularly arranged blebs ( Fig. 2A ). Since these blebs probably contained only traces of disintegrated wall material, this process could hitherto not be detected by monitoring the release of labelled wall material (19) . The bleb formation was followed by the release of about 20 murosomes (Fig. 2B; cf. Fig. 7B ), leaving behind about 20 pores in the peripheral wall (Fig. 1C) . However, in the presence of penicillin, pore formation during attempted cell separation at the unprotected second division plane was followed by wall perforation, leaving behind characteristic Y-shaped broken edges in the peripheral cell wall (Fig. 5B) . These broken edges must, therefore, be the result of a three-step process comprising (i) bleb formation, (ii) the formation of pores, and (iii) the destruction of the basal wall layers beneath these pores. Only in cases of naked murosomes ( Fig. 4B and 5A ) did the centrifugally directed lytic activity of these organelles apparently result in direct wall perforations.
By salt-mediated compensation of the internal osmotic pressure of the bacteria, we were able, for the first time, to increase considerably the number of murosomes involved in the killing process (Fig. 7A, upper cell) . It could be demonstrated (Fig. 7B , left daughter cell) that the number of ejected murosomes corresponded to the number of blebs ( Fig. 2A) and also to the number of pores (Fig. 1C and 3B) . The row of murosomes, ejected like a fan-shaped "murosome fountain" (Fig. 7B) , ruled out the possibility that only one single killing murosome might be located in the second division plane. This fact, together with the findings from thin sectioning that the numbers of murosome-induced lytic sites in the first and second division planes of penicillin-treated staphylococci were about the same (Fig. 3B and 6 ), led to the conclusion that an earlier-considered transport of murosomes within the peripheral wall (6) is unlikely.
Interestingly, those penicillin-treated staphylococci from which the ejection of activated murosomes had been prevented by a high external osmotic pressure released different numbers of murosomes while being transferred to normal growth medium (Fig. 7A ). This observation pointed to a stepwise expulsion of activated murosomes during cell separation, which is in line with earlier findings obtained with untreated cells; in these staphylococci, cell separation started at one single "starting pore" of the peripheral wall and proceeded from there via sequential formation of adjacent pores (7) along the splitting system (1, 8, 10) . Hence, the best interpretation of the different numbers of murosomes ejected from the cells in Fig. 7A is that different stages of murosome activation have been reached within the individual cell separation processes. Another striking observation was that, under the same experimental conditions, even nonseparated daughter cells ejected different numbers of murosomes (Fig. 7B) , which indicated that the activation of the murosomes in the two daughter cells had been initiated asynchronously. This indication is compatible with our earlier findings that, under the influence of penicillin or chloramphenicol, the cross walls within daughter cells of staphylococci were not formed simultaneously; in many cases, one of two nonseparated daughter cells had already completed its cross wall when the other one had only initiated its formation. Sometimes, we even observed that one daughter cell had formed a complete cross wall, while in the other one cross-wall formation was blocked (10, 26) .
One of the most important problems in connection with penicillin-induced death was the question why, during the early period of the action of this drug, i.e., before cell wall synthesis was completely inhibited (19) , the new cross-wall material continued to be assembled in the first rather than in the second division plane ( Fig. 4 and SA). Since this morphogenetic mistake was the very reason for the subsequent death, it has to be considered in some detail. The cross-wall material of the first division plane appeared to be less compact (6) than in control cells (Fig. 3A, 4 , and SA; cf. Fig.  1A ), but we can presently only speculate that this might reflect not only the well-known reduced cross-linking (23) but also the liberation of autolytic wall enzymes from the containers of the splitting system of this cross wall which were missing or defective in the presence of penicillin (Fig.  3A; cf. Fig. 1A ). Such liberated wall enzymes could have cut numerous free ends into the cross-wall material, which might then have served as additional acceptors for newly formed strings of wall material, probably by far exceeding those supposed to be created normally in a newly initiated division plane. Earlier experiments, employing combinations of penicillin and anionic polyelectrolytes, supported such considerations (27) . If this is true, "drifting" wall autolysins from the splitting system of the first division plane could be one of the most important prerequisites for penicillin-induced death. Without this defect, the newly formed cross-wall material, bound for the second division plane, would probably not be detoured to the first division plane; consequently, the murosomes of the second division plane would become protected by sufficient crosswall material and no wall perforation would take place at this site.
It is important to mention that thin sections of penicillin- on January 16, 2020 by guest http://jb.asm.org/ Downloaded from treated staphylococci did not reveal any morphological differences between dead and living cells (apart from the minute wall perforations and the loss of some ribosomes; Fig. 5A ). The same observation was made after penicillininduced killing in the presence of an anionic polyelectrolyte that completely blocked bacteriolysis (5, 29) . Also, the observation that bacteriolysis, as detected by the drop in optical density, normally started more than one generation time after the penicillin-induced death (13) indicated that the lethal wall perforation process can no longer be identified with the process of bacteriolysis. Since inhibi-tion of bacteriolysis did not interfere substantially with the killing rate, we conclude that the penicillin-induced death by lytic penicillin concentrations (0.1 ,ug/ml) represents a nonlytic killing process, while bacteriolysis is assumed to be nothing but a postmortem side effect (5) . We should, therefore, no longer synonymize "bacteriolysis" with "lytic death" (6, 15, 22) .
Finally, we wish to emphasize that the possibility that the number of murosomes functioning as killing murosomes is considerably increased by varying the osmolarity should stimulate attempts to improve ,-lactam therapy by applying FIG. 6. Thin section of S. aureus SG511 Berlin treated for 4 h with 0.1 ,ug of penicillin G per ml. Arrangement of lytic murosomal sites (arrows) and supposed murosomal sites (arrowheads) in the second division plane, comparable to the distribution of the lytic murosomal sites in the first division plane (cf. Fig. 3B ). 1 ext,rnal factors that enlarge the number of lytically active vesicular structures (4) or increase the activation of such structures (27) .
